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ABSTRACT the 31 Jan 82 storm. Measurements from

the FVI taken during brief periods of each
Snow characterization measurements -hourly "Intensive Measurement Period"

acquired by the snow rate meter, fall- (IMP) are shown in the fall velocity vs
velocity indicator and snow-structure re- size ( I is the largest physical dimen-
corder obtained during the SNOW-ONE-B sion) plot in Fig. 1. The time-consuming
field experiment are presented. Some labor required for the reduction of
further analyses of the SNOW-ONE-A data these data prevented a complete analysis,
are also given. Correlations betweek. thus only a representative sample (- 30
snow rates, electro-optLical and liquid- measurements) from each IMP from 1600
water-content measurements are shown and through 2000 ESr were initially analyzed.
the relationships of fall velocities with Little data were recorded after - 2000
these parameters are discussed. ESr because of an increase in winds

(Bates, 1982; Olsen, et.al., 1982). The
1. INTRODUCTION solid line in the figure is the least-

squares-regression line obtained from
AFGL snow characterization efforts these data and the dashed lines show

during both SNOW-ONE-A and SNOW-ONE-B were plus or minus one standard deviation.

concentrated on three objectives: the C
determination of crystal type using a - 5.
snow-structure recorder (SSR), the measure- 7,
ment of snow rate with a snow-rate meter E
(SRM) and the measurement of fall velocity
using a fall-velocity indicator (FVI). - 1.0 -

Descriptions of these instruments, methods _
of operations and data obtained have o . --- :
been previously reported in the SNOW-ONE- ) 0.5-•
A Data Report (Berthel, 1982); SNOW-ONE- >

Data Report (Berthel, et. al.., 1983); at
SNOW Symposium II (Berthel, et. al., .172

1982); at the SPIE Symposium (Plank, et. .

&l., 1983) and in a AFGL report (Gibbons, W' F 07941
et. &l., 1983). This paper is primarily

concerned with the presentation of addi-

tional data analyses on one day of each 0.1 I I
experiment, namely the 31 Jan 82 of SNOW- 0.5 1.0 5.0
ONE-A and 12 Dec 82 of SNO-ONE-I. l-SIZE(mm)

2. SNOW-ONE-A Field Experiment (31 Jan 82)

Fig. 1 Fall velocities of individual

All instruments were operating during particles on 31 Jan 82.



Inherent uncertainties exist In analyses are needed for each IMP as the

these data because of instrument collec- fall velocity vs size relationships will
tion efficiency, video resolution and probably vary with changes in crystal
analyst subjectivity. The measurements type.
may not be representative in respect to An In-depth analysis was performed
the number and sizes of the natural snow- on the 1900 EST IMP for 31 Jan 82. We
fall distribution because of wind effects divided the 20 minute period into 4 dis-
and the small sampling volume. Some par- crete entities with start times of 1900,
ticles, most noticeably the smaller ones, 1905, 1910 and 1915 EST. The first 100
reflect less light and result in faded particles of each period (- I minute of
video images. This, in combination with data) were measured and subjected to a
limited video resolution and image magni- regression analysis using the class-
fication, often prevents the analyst averaged-fall velocities. The plots and
from determining if a particle is tur resulting equations for these four I
bling or turning thus, the measurement minute periods are presented in Fig. 3.
of fall distance may not be made on the It is interesting to note that the
same part of the falling snowflake. An velocity - size relationships of the
apparent large scatter in fall velocities first 3 plots show little variation,
can result because of such uncertainties which implies that the snow crystal
in fall distance. Similar effects may type remained fairly consistant at least
be present in the determination of the throughout the initial 11 minutes of the
largest particle dimensions. These IMP. The difference between these plots
uncertainties may be mitigated by consi- and those of Fig. 2, the plot covering
dering an averaged-fall velocity vs size the 1600 through 2000 EST IMPs, infers
relationship that should give more mean- that some changes in the nature of the
Ingful comparisons with other data ana- snow crystals occurred during that portion
lyzed in the same manner. of the storm.

The fall velocity data presented in The SSR produced some data on this
Fig. I were processed so that the number day although the quality was not up to
of particles within class limits of 0.5 mm expectation. The particular instrument
were averaged to give the mean-fall design used during SNOW-ONE-A employed a
velocity and A for each class. These continuously moving belt utilizing strobe
values were then regressed as per the lighting to provide "stop action". Two
solid line in Fig. 2. detrimental effects of this configuration

were noted. First, the flash rate had
to be synchronized with the speed of the

5.0 belt to avoid multiple Images on a single
.- .8171 video frame. Second, the intense flash-

tube light produced reflections from the
snow crystals which tended to cause

*blurred images. Thus, the data could not
Q contribute to the analysis.

1.0 CRREL operated three ASMCE Instruments
during SNOW-ONE-A (Lacombe, J., 1982).

_J 0.5-A scatter diagram showing the correlation
0 .5 of the CRREL mass-concentration measure-

0 ments (M) for instrument No. 1 versus
4 the AFGL snow-rate (of precipitation

rate, P) values for 31 Jan 82 are shown
in Fig. 4. The SRM data were averaged

Of . ! 11_ over 1 minute periods to conform with the
0.1 LO lo ASCME I minute data. The power function

O-SIZE (mm) equation and coefficient of correlation
Fig. 2 class-averaged-fall velocities l dfrom the least-squares regression are

listed. (This equation has a slightly
on 31 Jan 82. different coefficient and exponent than

previously reported at the SPIE Symposium. 4

Although this type analysis provides The initial analysis used 2.81 second
a more useful relationship for comparison SRM data that were averaged +/- 30 seconds
purposes than that of Fig. 1, the data from the even 1 minute times. This re-
presented in both Figs. 1 and 2 are gression uses SRM data averaged over the
from discrete periods taken hourly through- 60 seconds preceding the I minute time.
out the storm, thus more comprehensive We believe that this method conforms better

-o. o2
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Fig. 3 C1ass-averaged9fa10 velocities from the 1900 EST I4P on 31 Jan 82.

with the measurements obtained by the 1.-"

ASCME.) This plot reveals that the corre-
lation Is best for the largest mass con- .
centrations and snow-rate values and that..,.
~the scatter Increases as the 1H and P be- TE.Y+//

"-.comes smaller. 010.0 0

51i.. .357767 12

'.908 --I .0I I !I I

0 1. .00 .01 0.1 1.0 10

0-SIZ.1 -

- IP. °0 Fig. 5 Correlation of M4 and P using 5
- minute averaging for ASCM No. I

on 31 Jan 82.

l When viewing the tie-resolved, mass
.O1 0.1 I1 1O concentration and snow-rate data It Is

.P P(MM kv"1)  apparent that the 5 minute points showing
the sost scatter are from the data obtain-

cooesesaller. 0.ms1cnetrto

""i Fig. 4 orlto fms ocnrto ed during the period of light snowfall
r,+'. .,(M4) nd snow rate (P) for ASCME beginning at - 2010 ESr. The data were
. .. No. I on 31 Jan 82. divided at this time into two separate

'.As a means of reducing the scatter, sets; the first spanning 1610 to 2010
_ we applied a five-point-running mean to ESTr and the second. 2010 to 2135 MrT.

•both the ASCHE No-l and SRM data used In The 1M-P plots, least-square-regression
, •Fig. 4o The scatter diagram and regression lines and equations for ASCME No. I data

. .line (solid line) of these averaged data from these two time periods are shown to
' are shown to Ftj. 5. The suppression of Figs. 6. The regression equations from

' the scatter gives results that show two the two periods differ considerably from
distinct M vs P trends as shown by the one to another and wilth the complete data
-dashed lines, set of Fig. 4 This suggests the posstbtl-

"O S



Ity that a change in the nature of the or Integrated-fall velocity of the snow-

snowfall occurred at about 2000 ES.T flakes (plus or minus the updraft-down-
draft motion of the environmental air

. 60 SIn the Immediate vicinity of our sampling
1610-2010 EST instrument, which we have presumed to be
i .. " 16 -01 zero). The resultant fall-velocity
M ,.316 p.8 61  values determined from the SRN data and
r,.967 ASCNE No. 2 are shown plotted versus

time in Fig. 7 (these are representative
. of the other two instruments). The plot

0 O.1 $. . shows that the integrated-snowfall veloci-

ties were smallest during the latter por-
tion of the snowfall period when the LWC
and snow-rate values were also smallest.

Also shown in the figure are the
E .01 I I I I ranges of the fall-velocity values for

l 1.0- 2011-2135 EST individual snowflakes as determined from
I.O 361 2O 42E the FVI. Although range values are

1.,.361 P4 42  :shown at - 2100 EST, an increase in wind
r -.7 1 velocity seriously impeded instrument

operation after the 2000 EST IMP and we
0.1-" Qnly managed to make a few (16).measure-

ments from 2100-2115 EST. It is seen that
the integrated or P/H-velocity values
generally conform to the upper half of

the range of the FVI measurements through
the 2000 ESr IMP and the lower portion

.oi l I I I I of the 2100 ESE IMP.

.01 0.1 1.0 10' These measurements from the 2100 EST
P(mm hri ) IMP period are plotted in Fig. 8 along

with the regression and standard deviation
Fig. 6 Correlation of M and P for ASCME lines from the individual-particle, fall-

No. 1 from 1610 to 2010 EST and velocity measurements (Fig. 1) acquired
from 2011 to 2135 EST on 31 Jan 82. prior to - 2100 EST. The individual

particles from the latter period are of
Koh and O'Brien (1982) of CRREL moni-

tored crystal habit by Formvar replication predominantly smaller sizes with veloci-

during the storm of 31 Jan 82. They ob- ties that generally fall below the solid

served at 1910 EST, "orthogonally inter- regression line and the majority of the

secting broad-branched crystals, perpendi- points are less than the lower standard

cularly intersecting columns, assemblages deviation limit. The mean value of these

of plates and/or side planes ------ with measurements however, are slightly larger

-some cloud droplets attached"; at 1930 than the P/H fall-velocity determinations

EST, "crystal types similar to 1910 Egr from the SRN and ASCME during the same

but with heavy cloud droplet accumula- time period.

tions"; at 2045 EST, "crystal type(s) Data obtained after - 2000 ES pre-

similar to 1930 EST but broken into sents some conflicting evidence. For

finer particles by the wind". These ob- instance, ASCHE data show mass concentra-

servations indicate that a change in'the tions at 1900 ES! that are approximately

characteristics of the snowfall did occur comparable to those at 2100 ESI. The pre-

at - 1930 - 2030 ES! with smaller sized cipitation rate is considerably lower at

particles of higher density (because of 2100 ESr than at 1900 ESr. Attenuation

" cloud droplet accumulations) being more data show an Increase at 2100 ES as

prevalent after - 2000 EST. compared to the 1900 ES! measurement.

Additional evidence of a change in In order to justify a smaller snow

snowfall characteristics can be obtained rate with an increase in attenuation at

by analyzing the SPN and the ASCHE data the same value of N, one can postulate an

in a different manner. The natural increased number of particles of smaller

dimensional units of snow rate are M/LT sizes. This could also account for the

or grams (g) per length squared (L
2) smaller fall velocities. The reduction

per unit time (T). The units of LWC are in snowflake size is substantiated by the

Z/L3 . Thus, if snow rate is divided CRREL observations noted during this

by LWC, the resulting parameter has units period and confirmed by the FVI measure-

of L/f' and it is a measure of the average ments in Fig. 8. However, the CRREL

,- . . ,, . . . -, , . , ..S



2-a 1w...

TW

U0 1 _

0

-J

1600 1800 2000 2200
TIME(EST)

Fig. 7 Fall velocities derived from P and M for ASCME No. 2 on 31 Jan 82.

observations noted the accumulation of The snow-rate meter was modified
cloud droplets on these smaller, broken during the summer months by reducing the

- flakes. Since these minute water droplets distance (shaft length) between the col-
" would increase the particle density, one lection bucket and the electronic balance

would expect an Increase in fall velocity remote sensing head. This alteration ne-
for given particle sizes which is contra- cessitated installation of a baffle between
dictory to the data plotted in Fig. 8. the bucket and heated chamber housing to
One possible explanation is the increase insure against the possibility of escaping
in wind velocity at - 2000 E57 may have heat affecting the sample. The modifica-
produced updraft components of air motion tion, although relatively minor, drasti-
over both the FVI and SRM instruments cally changed the nature of the acquired
thus giving artificially-small, fall- data. The instrument configuration used
velocity determinations. In SNOW-ONE-A displayed wind effects that

varied somewhat symmetrically about the
-weight measurements. The SNOW-ONE-B data
;displays a decidedly biased effect on the
positive side of the weight measurements
(downward force on the collection bucket)

_ _ _ _ _with little deflection on the negative

-side. This change required a totally new
- * : a * method of analysis that was described in

- the SNOW-ONE-B data report. This method
of SRH analysis was used on the data of

* 31 Jan 82 for a comparison of the two
' methods. The first two hours of data

*. +. 0.1 _ _ _ _I_ are shown in Fig. 9 with the light line
;'0.1 1.0 O representing the parabollc-weighted

"1 -SIZE (mm) averaging method used on the SNOW-ONE-A
measurements and the heavy line showing

Fig. 8 Fall velocities oi individual the methqd used on the SNOW-ONE-B data.
pf 11Very minor deviations are evident but-. particles from 2100 to 2115 EST

on 31 Jan 82. they are so slight that the methods can
be considered comparable.

" The snow-structure recorder was ex-
3. SNOW-ONE-B FIELD EXPERIKENT tensively modified during the summer

The SNOW-ONE-B fall velocity indicator months. As mentioned previously, the de
was essentially the same Instrument as vice used during SNOW-ONE-A employed a

. used in SNOW-ONE-A. A minor modification continuously moving belt utilizing strobe
, was made in the electronics that controls lighting to provide "stop action". The

the strobe lighting to insure the validity SNOW-ONE-B instrument incorporates low-
of the flash rates. intensity, incandescent lighting with



-SNOW-ONE-A METHOD
-SNOW-ONE-B METHOD

E

W1600 1630 1700

* z
U)

1700 1730 1800
TIME (EST)

Fig. 9 Comparison of two analytical methods using data from 31 Jan 82.
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Fig. 10 Typical data obtained with the SSR an 12 Dec 82.
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belt action in a "move and stop" sequence surements) taken within the times con-
controlled by a geneva drive mechanism. forming to each intensive measurement
Thus, recordings during this experitment period. Figure 11 (upper diagram) is a
were made under reduced lighting when plot of fall velocity vs size for the
the belt was stationary. The data results individual particles over those time peri-
were much improved. ods. The lower diagram shows the class-

averaged-fall velocities plotted versus
3.1 DATA OF DECEMBER 12, 1982 size in the same manner as described in

Of the six days of recorded snow-rate Section 1. P
data during SNOW-ONE-B, 12 Dec 82 provided The ASL/LOVIR (Ben-Shalom, A., et.
the most extensive period of snowfall al., 1983) transmittance measurements
during daylight hours. All instruments from 1000 to 1300 EST on 12 Dec 82 are
were turned on at 0855 EST and the SRM shown in Fig. 12 along with our inversed
was left running until the end of the re- snow-rate data. The casual time correla-
cording tape at 0230 ESr on the 13tb. The tion is obvious. One ASCME instrument
SSR and FVI were terminated at 1350 ESr. operated during this storm and we ob-

Analysis of the video recordings from taned the data through the courtesy of
the SSR revealed graupel-type particles J. Lacombe (CRKEL) for correlation with
mixed' with larger stellars and dendrites, our SRM measurements. Figure 13 shows
The constituents of the mix remained fairly these two data sets with the light line
consistant'hroughout the storm although representing the SRM and the heavy
the percentages of the particular types line, the ASCME. The snow-rate data has
varied continuously. It is estimated that been averaged over I minute intervals to
stellars and dendrites composed less than conform to the ASCME measurements. The
10 of the particles that were sampled. general correlation is obvious although
Some examples of the particles captured many inconsistancies are apparent, parci-
by the SSR on this day are shown in Figure cularly at the very small concentrations
10. and rates.

- These inconsistencies are also ev.-
dent in the considerable scatter shownI 0-

in the 1 minute data plot of H vs P In
E the top diagram of Fig. 14. However,

-- this scatter is quickly reduced when the
- :data is subjected to a running-mean

.127 averaging as in the lower plots.i ! ' The scatter is more striking in the -

*..calculated P/H fall-Yelocity values of
_J 121 Fig. 15 but, as in the H - P plots, it

is reduced by averaging. The most stable
____period is between 1025 and 1055 EST

which are the time limits corresponding
1 I.O0- to the largest snowfall intensity (P - >

E .13, H - > .06). The second most
3 . stable region falls between 1005 and

0.5- " 1025 EST when P was - .1 and M - .02.
o All other times experienced less snowfall.
W It is unclear, at this time, if the

calculated P/H fall velocites between
-J 1005 and 1025 ESr (- 1.2 m s-1) are,
S. O 79 in fact, real. The indications are that

they may not be since no velocity above
a I m s-1 was observed in the measurements

0.1 0.5 LO 5.0 of the individual flakes (Fig. 11).
. -SIZE (mm) The 1000 ES IMP of 12 Dec 82 was

-divided in the same manner as the 1900 ES

Fig. 11 Fall velocities of individual IMP of 31 Jan 82 to check both the fall
particles and class averaged on velocities of the Individual flakes and
12 Dec 82. the consistancies of the Fv - I relation-

ships throughout the period. Because of
Because of the time-consuming labor the lesser amount of snow falling on this

necessary for the reduction of the FVI day, 50 particles were counted starting
data, the initial analysis consisted only -at 1000, 1005, 1010 and 1015 ES!. The
of representative recordings ( 50 mea- times over which these 50 measurements

*...* . .- * . - - . - - ':. . . .. -' <. ".. sr . ...-,a..a1iU. . -
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Fig. 12 Time comparison of ASL/LOVIR and snow rate data on 12 Dec 82.
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FlIg. 13 Time comparison of ASCHE and snow rate data on 12 Dec 82.
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Fig. 16 Class-averaged-fall velocities from the 1000 ESg IMP on 12 Dec 82.

were aade ringed from - 4 to 5 minutes. could cause low rate values and,
Again, no reading > 1 a s-1 was recorded since te ntegrated-fall veloc-

which adds evidence questioning the valid- ties are determined by P/M, the
Ity of the P/H fall velocties of Fig. resultant velocities would be
15 during the 1000 ESr IMP. high;

The resulting regression equations (c) lower than actual values from thepresented in Fig. 16 are Inconsistarit ASCHE could cause higher Integra-
indicating the changing nature of the snow- ted-fall velocities.
fall during this period. All have steeper It must be emphasized that we have
slopes than the equations derived from not defined a source of error. At this
the composite IMP data set. This leads time, we can only bring attention to the
.one to suspect that the data from at least inconsistancies which seem to indicate
one other IMP (or possibly more) produced measurement error.
a slope more shallow than that of the com-
posite. This, in turn, suggests a varia- 4. CONCLUSION
bility in snow characteristics during the Modifications made to our instruments
course of the storm and confirms the find- during the summer months following SNOW-
Ings from the SSR. ONE-A have greatly contributed to an im-

As a check on the integrated veloci- proved performance as demonstrated in
ties obtained from 1025 - 1055 EST we SNOW-ONE-B. We are conducting further
-measured 50 individual flakes starting at modifications that we hope will still
.1030 ESr. These measurements are plotted better our measurements. A new concept
in Fig. 17 and the results of the analysis of back lighting on the FVI, that gives
gives an equation compatible vith the shadow recordings of the falling snow-
1005 - 1010 EST period of Fig. 15. The flakes, is currently undergoing laboratory#,mean value of .5m s-1 from these indivi- testing and promises sharper video images,dual velocities does not agree with the thus more accurate measurements. The
P/M values ( .8 m 6-1). SSR is also being reconfigured to improve

The non-compatibilities mentioned collection efficiency. A snow volume
above point to possible errors in the recorder and a total number Instrumentdata supplied by 1, 2 or all 3 of the in- are also being considered.
strusents (FYI, SRH or ASCHE) involved The data acquired during SNOW-ONE-A
in these analyses. Several scenarios are 4 3 raised questions regarding wind
possible such as: effects and the accuracy of light precipi-

(a) a wind effect (updraft) on the tation determinations. We are planning
FVI could result in low fall to conduct some airflow studies under vary-
velocities; Ing wind conditions on both the FVI and

(b) the same wind effect on the SRN SInq that may provide some useful Informs-

10



4-"
tion. However, until we can define a number-density distributions using the
fault in the SRM operation in light snow exponential assumption in combination
conditions, we can only tentatvely'pre-  with data supplied by the available
sume the readings to be correct. ground-baaed measurements. Theoretical

work along these lines is currently in
progress.

_ 1.0 -

* 9 0 100 -
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Fig. 17 Class-averaged-fall velocities
from 1030 to 1035 EST on 12
Dec 82.
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100 Fig. 19 Number density distribution from

the FVI data of the 1000 EST IMP
on 12 Dec 82.
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